We investigated the serum haptoglobin levels in patients with pulmonary arterial hypertension (PAH) based on the hypothesis that haptoglobin levels would reflect subclinical hemolysis due to microangiopathy in pulmonary arterioles.
Introduction
Pulmonary hypertension (PH) is an increased blood pressure in pulmonary arteries and affects the right side of the heart, being diagnosed when mean pulmonary artery pressure (mPAP) measured by right heart catheter (RHC) is 25 mm Hg or greater. PH occurs as an idiopathic disease of the pulmonary arterioles or as a complication of various diseases, such as connective tissue diseases (CTD) and chronic pulmonary thromboembolism. The current Nice classification of PH distinguishes 5 subgroups: pulmonary arterial hypertension (PAH), PH due to left heart disease, PH due to lung diseases, chronic thromboembolic PH (CTEPH), and PH with unclear multifactorial mechanisms. [1] Among these subgroups, PAH is characterized by abnormalities in the small arteries of pulmonary vasculature. [2, 3] The histological features of PAH include remodeling of the small pulmonary arterial walls and microthrombosis in the pulmonary arterioles. Microangiopathy in the pulmonary arterioles is one of key pathophysiology of PAH. [4] [5] [6] PAH is of great clinical significance because of its high mortality [7, 8] and poor quality of life. [9] Although recent development of targeted therapy for patients with PAH has improved their prognosis, strategy for early diagnosis and accurate evaluation of disease progression, particularly with noninvasive tools, are still on unmet needs. The DETECT study has recently showed an evidence-based algorithm to detect PAH in CTD patients. [10] In this algorithm, echocardiography and RHC are recommended according to the total risk points calculated using the results of several noninvasive tests, such as laboratory examination, electrocardiogram, and pulmonary function tests. This detection algorithm is highly sensitive (96%) to detect highrisk population of PAH, but may lead to unnecessary RHC, reflected by its low specificity (48%). An additional noninvasive marker is required to improve the screening yield of PAH.
Moreover, the degree of microangiopathy in the pulmonary arterioles is associated with vasodilator response, severity, and prognosis of PAH. Considering the pathophysiological profile, anticoagulation might lead to favorable outcome in PAH patients with features of thrombotic microangiopathy. [6] However, in clinical practice, it is difficult to assess the degree of microangiopathy in the pulmonary arterioles in PAH patients because it needs to be defined and evaluated histologically. Noninvasive surrogate tools are desired.
Haptoglobin is a plasma protein mainly produced by hepatocytes, which binds free hemoglobin released from erythrocytes and protects the kidneys from damage induced by hemoglobin. [11] The haptoglobin levels are extremely sensitive to detect intravascular hemolysis including thrombotic microangiopathy. [12] We hypothesized that serum haptoglobin levels decreased in patients with PAH due to subclinical hemolysis related with microangiopathy in the pulmonary arterioles. The aim of this study was to investigate the serum haptoglobin levels in patients with PAH as a potential marker.
Methods

Patients and methods
This cross-sectional study was composed of 3 groups of patients: PAH, CTEPH, or CTD without PAH (CTD-non-PAH) group. PAH and CTEPH groups included consecutive patients with idiopathic PAH (IPAH), CTD-associated PAH (CTD-PAH), or CTEPH who were attending Cardiopulmonary Department of Hokkaido University Hospital in 2015. PAH was diagnosed based on RHC findings. [1] CTEPH was diagnosed based on RHC, enhanced-computed tomography scanning, and ventilation-perfusion scintigraphy findings.
[1] CTD-non-PAH group included CTD patients who were attending Rheumatology Department of Hokkaido University Hospital during the same period and underwent echocardiography according to the DETECT algorithm [10] ; in this group, pulmonary artery systolic pressure estimated by echocardiography (ePASP) was <36 mm Hg. [13] This study was performed in accordance with the Declaration of Helsinki and the principles of Good Clinical Practice. Approval was obtained from the Local Ethics Committee (approval number: 015-0535). All study participants provided informed consent. Serum haptoglobin levels were measured by standardized turbidimetric immunoassay in all patients between August 2015 and August 2016. Demographic data, laboratory results of the same time as haptoglobin test, and echocardiography and RHC findings nearest haptoglobin test were extracted from the medical records. Decreased haptoglobin levels were defined as <19 mg/dL of serum haptoglobin concentration based on the 95th percentile of healthy volunteers according to the manufacture's instruction.
Statistical analysis
Continuous variables were compared using the Wilcoxon test, and correlation between 2 continuous variables was assessed using Spearman rank correlation coefficients. Subgroup analysis was performed in PAH group. We compared CTD-PAH and IPAH subgroups. An influence of anticoagulation and immunosuppressant was assessed as sensitivity analyses. Statistical significance was defined as the probability value <0.05. All analyses were performed using the JMP Pro software (ver. 12.0; SAS Institute Inc., Cary, NC).
Results
Patients' characteristics
Among 96 patients enrolled, 2 were excluded due to the presence of mechanical valve or the complication of autoimmune hemolytic anemia with positive Coombs test. Thirty-five patients in PAH group including 11 patients with IPAH and 24 with CTD-PAH, 27 in CTEPH group, and 32 in CTD-non-PAH group were analyzed. Patient's characteristics were summarized in Table 1 .
Age in CTEPH group was higher compared with other groups. All groups had female predominance. RHC was performed median 7 months (quartile: 3-20 months) apart from haptoglobin tests, and ePASP was measured median 4 months (quartile: 2-7 months) apart from haptoglobin tests. The patients included in the study had a long duration of PH (median: 7 years, quartile: 4-11 years). Cardiac index in CTEPH group was lower than that in PAH group. Vasodilators were used in 87% of PAH patients and in 56% of CTEPH patients. Immunosuppressants were used concomitantly in 49% of PAH patients. All CTEPH patients and 29% of PAH patients were given anticoagulant. Pulmonary endarterectomy had been performed in 30% of CTEPH patients. Serum haptoglobin levels were tested in 3 patients with CTD-PAH before starting treatments of PAH.
None had positive direct Coombs test. Albumin and cholinesterase levels to assess liver function were within normal range in all patients. High C-reactive protein levels (>0.3 mg/dL) suggesting inflammatory condition were not observed in any patients. in CTEPH group, and 6% in CTD-non-PAH group (Fig. 1) . Serum haptoglobin levels in PAH group had a significant negative correlation with mPAP (r = À0.66, P < .001) and ePASP (r = À0.57, P < .001). In contrast, serum haptoglobin levels in CTEPH groups had no significant correlation with mPAP (r = À 0.17, P = .41) and ePASP (r = À0.08, P = .71) (Fig. 2 ).
Serum haptoglobin levels had a strong negative correlation with mPAP in CTD-PAH subgroup (r = À0.74, P < .001), but no significant correlation in IPAH subgroup (r = À0.52, P = .13) (Fig. 3A) . Serum haptoglobin levels had a significant correlation with mPAP regardless of anticoagulation in PAH group (Fig. 3B) . Serum haptoglobin levels also had a significant correlation with mPAP regardless of immunosuppressant in CTD-PAH group (Fig. 3C) .
Serum lactate dehydrogenase (LDH) levels (normal: 107-230), another marker of hemolysis, were significantly elevated in PAH patients with decreased haptoglobin levels (median 230 U/L, quartile ) compared with those with normal haptoglobin levels (median 180 U/L, quartile , P = .009) (Fig. 4) . Total bilirubin levels, uric acid levels, hemoglobin, and platelets in PAH group were within almost normal range and had no significant difference between patients with decreased and normal haptoglobin levels.
Follow-up study
We could follow up serum haptoglobin levels of 3 patients with CTD-PAH in whom first haptoglobin tests were performed before starting treatments of PAH. These follow-up cases showed lowering ePASP led to normalizing serum haptoglobin levels, as shown in Figure 5A .
A representative clinical course is presented in Figure 5B . A 45-year-old Japanese woman was admitted to our department for the evaluation of cardiopulmonary diseases as she had 3 months' history of shortness of breath. She was given the diagnosis of systemic sclerosis based on hardening fingers, Raynaud's phenomenon, and positive anti-U1 ribonucleic protein antibodies. The diagnosis of PAH was confirmed by RHC (mPAP: 45 mm Hg, pulmonary artery wedge pressure: 5 mm Hg, pulmonary vascular resistance: 11.8 Wood unit). Serum haptoglobin level was below the detection limit (<2 mg/dL). After the administration of tadarafil (40 mg/d) and macitentan (10 mg/d), mPAP was decreased from 45 to 26 mm Hg. Serum haptoglobin level Figure 1 . The box-plot diagrams show the serum haptoglobin levels in each group of patients: PAH, CTEPH, and CTD-non-PAH group. The bottom and top of the box represent the first and third quartiles, and the band inside the box shows the median. Whiskers represent the minimum and maximum of all of the data. The percentages show the prevalence of serum haptoglobin levels lower than 95th percentile of healthy controls in each group. CTD-non-PAH = connective tissue diseases without pulmonary arterial hypertension, CTEPH = chronic thromboembolic pulmonary hypertension, PAH = pulmonary arterial hypertension. All data are shown as median [quartile] or number (%). PAH = pulmonary arterial hypertension, CTEPH = chronic thromboembolic pulmonary hypertension, CTD-non-PAH = connective tissue diseases without pulmonary arterial hypertension, IPAH = idiopathic pulmonary arterial hypertension, SSc = systemic sclerosis, SLE = systemic lupus erythematosus, MCTD = mixed connective tissue disease, DM = dermatomyositis, SS = Sjögren's syndrome, APS = antiphospholipid syndrome, RA = rheumatoid arthritis, mPAP = mean pulmonary artery pressure, CI = cardiac index, PVR = pulmonary vascular resistance, RAP = right atrial pressure, PCWP = pulmonary capillary wedge pressure, ePASP = pulmonary artery systolic pressure estimated by echocardiography, 6MWD = 6-minute walk distance, BNP = brain natriuretic peptide, PDE5-I = phosphodiesterase-5 inhibitors, ERA = endothelin receptor antagonists. * Interval between haptoglobin test and right heart catheter. † Interval between haptoglobin test and echocardiography. Nakamura et al. Medicine (2017) 96:43 www.md-journal.com gradually increased and finally normalized along the improvement of PAH.
Discussion
In this study, we newly showed decreased haptoglobin levels in patients with PAH. Furthermore, haptoglobin levels inversely correlated with pulmonary artery pressure, and lowering pulmonary artery pressure led to normalizing haptoglobin levels in CTD-PAH patients. The decreased haptoglobin levels in PAH patients may reflect microangiopathy and subsequent subclinical hemolysis in the pulmonary arterioles. [6] Serum LDH levels, another marker of hemolysis, [12] were elevated in our PAH patients in parallel with decreased haptoglobin levels. Consistent with these findings, serum uric acid and bilirubin levels, other hemolytic markers, have been reported to be elevated in PAH patients and associated with its severity and prognosis, [14, 15] although our study could not confirm. Moreover, it was reported that free hemoglobin levels were increased in PAH patients, supporting the presence of subclinical hemolysis in the pulmonary arterioles. [16] Free hemoglobin reduces the bioavailability of nitric oxide, acting as a scavenger, and subsequently induces vasocontraction. Haptoglobin can influence the bioavailability of nitric oxide to trap free hemoglobin. [17] Thus, serum haptoglobin levels may be a potential marker for the severity of PAH reflecting the degree of microangiopathic hemolysis, released free hemoglobin levels, and the bioavailability of nitric oxide. The correlation between serum haptoglobin levels and mPAP or ePASP in PAH or CTEPH group. The continuous lines show regression line. The broken horizontal lines show upper or lower limit of serum haptoglobin levels established using 95th percentile of healthy controls. The percentages show the prevalence of increased, normal, or decreased haptoglobin levels in each group. CTEPH = chronic thromboembolic pulmonary hypertension, ePASP = pulmonary artery systolic pressure estimated by echocardiography, mPAP = mean pulmonary artery pressure, PAH = pulmonary arterial hypertension. * Spearman rank correlation coefficient.
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Another possible explanations for decreased haptoglobin levels in PAH patients is mechanical hemolysis caused by PHinduced tricuspid valve regurgitation jet. [18, 19] Hemolysis in prosthetic valve regurgitation has been well recognized; however, hemolysis following native valve regurgitation has been seldom reported. A collision with hard stuff, such as the prosthetic valve and thrombosis, as well as free jet is required to cause hemolysis. [20] Therefore, mechanical hemolysis through tricuspid valve regurgitation is unlikely to occur in most of PAH patients.
Serum haptoglobin levels could be affected by various conditions other than hemolysis. Decreased haptoglobin levels are also observed in liver dysfunction, malnutrition, or congenital hypohaptoglobinemia, whereas haptoglobin increases in inflammatory condition. Especially, CTD patients could have various complications influencing serum haptoglobin level independently of PAH. This study included CTD-PAH patients dominantly in PAH group. To decrease the bias about CTD, we included CTD-non-PAH patients as a control group. As shown in Figure 1 , decreased haptoglobin levels were rarely observed in CTD-non-PAH patients (6%), and were less frequent compared with PAH patients (26%). In addition, we ruled out the major complications of CTD influencing serum haptoglobin levels, such as autoimmune hemolytic anemia, autoimmune hepatitis, and systemic thrombotic microangiopathy, by Coombs test, serum albumin level, serum cholinesterase level, and blood cell count. Moreover, serum haptoglobin levels were correlated with pulmonary artery pressure in CTD-PAH patients. Based on these findings, it is likely that decreased haptoglobin levels are associated with the presence and degree of PAH rather than other complications of CTD. Anemia and thrombocytopenia were not overt in our PAH patients. We speculate that blood cell count in a total body may not be affected in PAH due to microangiopathy in minor extent, limited in the pulmonary arterioles. Localized microangiopathy to be defined histologically is, in this sense, similar to kidneylimited thrombotic microangiopathy. [21, 22] It should be discriminated from systemic thrombotic microangiopathy characterized by microangiopathic hemolytic anemia and thrombotic thrombocytopenia [23] ; however, microangiopathic hemolytic anemia and thrombotic thrombocytopenia in the patients with extremely sever PAH were previously described in the literatures. [4, 5] CTEPH is defined as persistent PH caused by chronic thrombotic occlusion of major to small pulmonary arteries. Histological findings of CTEPH show organized thrombotic lesions, intimal thickening, and fibrosis of the small pulmonary arterioles. Thrombotic microangiopathy could be another important pathophysiology of CTEPH in addition to thrombotic occlusion of major pulmonary arteries. [24] In addition, it was reported that serum haptoglobin levels were decreased in patients at high risk for pulmonary embolism. [25] However, in our CTEPH patients, the correlation between haptoglobin levels and mPAP was not observed. Serum haptoglobin levels were even high in 15% of the CTEPH patients. A previous study showed the increased haptoglobin levels in patients with acute pulmonary embolism, but the increase was countervailed by increased pulmonary arterial pressure. [19] Pulmonary embolism causes an induction of haptoglobin and may mask an underlying hemolysis.
This study includes some potential limitations. First, it was conducted at a single center, had a small sample size, and used a cross-sectional design. Moreover, patients included in the study had a long duration of PH, and already had been on treatment of PH. The findings of this study require to be confirmed by multicenter, large sample, and prospective longitudinal studies. Secondly, this study lacks histological confirmations even though it is difficult to perform the lung biopsy in patients with PH. We need to evaluate the relation between serum haptoglobin levels and histological findings. Thirdly, we cannot discuss the relation of cause and effect in the cross-sectional study. It is known that hemolytic disorders cause pulmonary hypertension reversely. [26] Besides, we cannot deny the presence of Coombs-negative autoimmune hemolytic anemia [27] in our patients.
Conclusions
We first report the decreased haptoglobin levels correlated with pulmonary artery pressure in patients with CTD-PAH. This finding may reflect microangiopathy in the pulmonary arterioles as one of the important pathophysiology of PAH. In addition, this is the pilot study suggesting the usefulness of serum haptoglobin levels as a potential surrogate marker for CTD-PAH.
